ABSTRACT
INTRODUCTION
Coronary artery disease (CAD) is a leading cause of morbidity and mortality worldwide (Lopez et al. 2006) . Advances in surgical management have improved outcomes in patients with CAD. For example, balloon angioplasty and bypass graft surgeries have been remarkably effective in improving symptoms and quality of life. However, the long-term success of these procedures is limited by recurrent stenosis, which is a reduction in vascular lumen area at the site of intervention (Schainfeld 2002; Bhargava et al. 2003) . Vascular injury produced during attempted revascularization damages the endothelial cell layer lining of the arterial wall. This injury is followed by the proliferation and/or migration of medial smooth muscle cells resulting in the formation of intimal hyperplasia (for a review, see Ahanchi et al. 2007 ). Several lines of evidence link angiotensin II to vascular smooth muscle cell growth responses. Angiotensin II is a potent effector of the reninangiotensin system, and numerous effects are thought to be mediated by binding to specific receptors in target tissues (Kim and Iwao 2000) . At least two high-affinity subtypes of angiotensin II receptors, AT1 and AT2, have been identified, both of which seven-transmembrane G proteincoupled receptors (Salgado et al. 2010 ). AT1 is the major angiotensin II receptor and is widely expressed in human tissues; AT1 has been shown to mediate vasoconstriction as well as the majority of the physiological and pathophysiological effects of angiotensin II, including cell growth control (for a review see Bader et al. 2010) . Consequently, AT1 receptor antagonists have been studied as possible therapeutic targets for preventing stenosis (Moon et al. 2004 ). The present study was designed to directly investigate the effect of a selective AT1 receptor antagonist, losartan, on angiotensin II-induced cell proliferation using the rat embryonic thoracic aorta smooth muscle cell line A7r5.
MATERIALS AND METHODS

Cell culture
The rat aortic vascular smooth muscle cell line A7r5 was obtained from the Rio de Janeiro Cell Bank (Universidade Federal do Rio de Janeiro, RJ, Brazil) and was used at passages 2-15. Cells were grown and cultured in flasks in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 10 mM HEPES (pH 7.4) in a humidified incubator at 37 °C with a 5% CO 2 atmosphere. Every 4-5 days, the cultures were confluent and were passaged using 0.25% trypsin/0.03% EDTA at a split ratio of 1:4. For experimental procedures, confluent A7r5 cells were harvested as mentioned above, resuspended in culture medium and the cell viability was determined by Trypan Blue exclusion. Cells were seeded in 200 µL of medium in 96-well plates (approximately 3.5 x 10 4 viable cells per well). After 24 hours, test compounds were added in a maximum volume of 20 µL.
Cell counting
At the ends of the experimental periods, each well was washed twice with Ca 2+ /Mg 2+ -free phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 and 8.1 mM NaHPO 4 ; pH 7.4). Cells were then detached using 100 µL of a 0.25% trypsin/0.03% EDTA solution and incubated at 37 °C for 30 minutes. Trypsin was then inactivated using 10 µL of fetal calf serum. Cells were quantified in Neubauer chambers, and the results are expressed as cell number/mm 3 . Cellular viability under all treatment conditions was determined by cell Trypan Blue exclusion.
Drugs
Tissue culture media, serum, and antibiotics were obtained from Gibco (São Paulo, SP, Brazil).
Angiotensin II and losartan were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). Angiotensin II and losartan were dissolved in PBS.
Data analysis
Data are expressed as the mean ± SEM of triplicate wells. Each experiment was repeated at least twice with similar results. Statistical significance was determined using a one-way analysis of variance followed by a Bonferroni's post hoc t test. A p value less than 0.05 was considered statistically significant.
RESULTS
The A7r5 cell line reached confluence at 96 hours after seeding 3.5 x 10 4 cells in a 96-well plate. After 96 hours, the cell numbers remained constant for 1-2 days; thereafter, the cells then began to die and detach from the substrate. Therefore, the analysis of cell numbers was performed only up to 72 hours after incubation of the compounds (96 hours after seeding of the cells in a 96-well plate). A7r5 cell proliferation throughout the experiment duration is shown in Figure 1 (open bars). The incubation of the cells with angiotensin II (1, 10 or 100 µmol/L) resulted in increased cell proliferation in a concentration-dependent manner. This effect was most pronounced at 100 µmol/L, and this was the only concentration that showed a significant increase in cell proliferation as early as 24 hours after incubation. Thus, only the highest concentration was used to evaluate the effect of losartan on the proliferation induced by angiotensin II (Fig. 2) . The cellular toxicity was evaluated using a Trypan Blue exclusion test. The angiotensin II concentrations used here were not toxic, as evidenced by a cell viability of greater than 95%. The incubation of A7r5 cells with losartan (1, 10 or 100 µmol/L) for 30 minutes resulted in a concentration-dependent decrease in angiotensin II-induced cell proliferation (Fig. 2) . These data clearly indicated that AT1 receptor blockade by losartan was able to inhibit the proliferation of A7r5 cells induced by angiotensin II. The highest assessed concentration of losartan (100 µmol/L) reduced cell proliferation even in the absence of angiotensin II (Fig. 3) . This effect was not due to cytotoxicity because all concentrations of losartan yielded cell viability greater than 95%. 
DISCUSSION
This study is the first demonstration of angiotensin II-induced cell proliferation in the A7r5 cell line. Additionally, in agreement with several other reports (for a review, see Ribichini et al. 2005) , we demonstrated the role of angiotensin II in smooth muscle cell proliferation and intimal hyperplasia through AT1 receptor activation. We chose to study A7r5 cells because A7r5 is a clonal cell line from thoracic aorta of embryonic rats and possesses many of the properties that are characteristic of smooth muscle cells. Cellular products of the A7r5 cell line include myokinase, creatine phosphokinase and myosin (Kimes and Brandt, 1976; Barisione et al. 2009 ).
Our in vitro results were in agreement with studies performed in animal models demonstrating that angiotensin-converting enzyme inhibitors are able to prevent restenosis after vascular injury induced by balloon barotraumas (Pratt and Dzau 1996) . The seminal study by Powel and colleagues performed in a rat injury model demonstrated the antiproliferative effects of cilazapril or captopril (Powell et al. 1989 ). More recently, a clinical trial tested the effects of the AT1 antagonist valsartan in the setting of stent restenosis (Peters et al. 2001) and showed contradictory (Ribichini et al. 2005) but positive results. Interestingly, Tanemoto and colleagues (2007) documented the effect of losartan in preventing stenosis not only at the level of the coronary vascular bed but also at the renal artery level. The AT1 receptor accounts for the majority of the known functions of angiotensin II in different tissues. Binding of angiotensin II to AT1 receptors results in the internalization of the complex (Bkaily et al. 2003) . The receptor is then recycled back to the plasma membrane, whereas angiotensin II is destined for intracellular locations, such as lysosomes and the nucleus (Erdmann et al. 1996) , thereby suggesting a functional role for intracellular angiotensin II (Kumar et al. 2007 ). More recently, studies have provided evidence of intracellular angiotensin II production (Paul et al. 2006 ). In the A7r5 smooth muscle cell line, cellular growth promoted by intracellular angiotensin II showed limited sensitivity to AT1 antagonists (Filipeanu et al. 2001) . This finding agreed with a more recent work that failed to show an inhibitory effect of extracellular losartan on intracrine angiotensin II-induced cell proliferation (Baker and Kumar 2006) . In contrast, other studies have suggested that losartan, after AT1 receptor binding and internalization, blocks intracellular angiotensin II action (Cook et al. 2001) . This controversy has not yet been resolved. It has been postulated that the ability of AT1 antagonists to inhibit the intracellular functions of angiotensin II may depend on their liposolubility (Ruiz et al. 2007) . Certain studies have suggested that losartan is sufficiently hydrophobic such that it may freely penetrate cell membranes (Peters et al. 1999) . Candesartan, on the other hand, appears to bind tightly to AT1 but remains at the cell surface (Fierensa et al. 2001) . For this reason, irbesartan, which is a highly liposoluble AT1 receptor antagonist, is thought to be an important pharmacological tool for further studies. Losartan is an active AT1 receptor antagonist (Lo et al. 1995) , but interestingly, approximately 14% of a losartan dose is converted to the pharmacologically active E3174 metabolite after oral administration (Wong et al. 1990 ). E3174 is a carboxylic acid metabolite in the oxidative pathway and exhibits potency and binding selectivity comparable to losartan (Wong et al. 1991) . By blocking the action of angiotensin II, losartan and its metabolite cause blood vessel dilation and thereby reduce blood pressure in hypertensive patients (Oparil 2000) . Because losartan is a highly selective AT1 receptor antagonist (Smith et al. 1992) , we cannot exclude the possibility that an intense AT1 blockade could permit the action of angiotensin II in AT2 receptors, which presumably mediated the observed antiproliferative effects (Stoll et al. 1995) . This concept requires further investigation. Interestingly, the highest concentration of losartan (100 µmol/L) used here reduced cell proliferation even in the absence of angiotensin II (Fig. 3) . This effect was not due to cytotoxicity because all analyzed concentrations of losartan yielded cell viabilities of greater than 95%. This result suggested a basal activation of AT1 receptors through intracellular angiotensin II production (Kumar et al. 2007 ). This finding was not surprising, as a number of researchers have demonstrated that the local production of angiotensin II by smooth muscle cells is sufficient to mediate restenosis (Wilson et al. 1999) . In summary, these data confirm that angiotensin II plays a central role in the pathophysiology of cardiovascular diseases via the AT1 receptor by modulating the rate of growth. These data also validate the concept that AT1 receptor antagonists contribute to the therapeutic management of restenosis. However, further studies are required to determine the cellular mechanisms responsible for angiotensin II-induced cell proliferation.
